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Abstract 
 
Since sensitivity to contamination is one of the verities of solid state joining, there is a need 
for assessing contamination of the part(s) to be joined, preferably nondestructively while it 
can be remedied.  As the surfaces that are joined in pinch welds are inaccessible and thus 
provide a greater challenge, most of the discussion is of the search for the origin and effect of 
contamination on pinch welding and ways to detect and mitigate it.  An example of 
contamination and the investigation and remediation of such a system is presented.  
Suggestions are made for techniques for nondestructive evaluation of contamination of 
surfaces for other solid state welds as well as for pinch welds.  Surfaces that have good visual 
access are amenable to inspection by diffuse reflection infrared Fourier transform (DRIFT) 
spectroscopy.  Although other techniques are useful for specific classes of contaminants 
(such as hydrocarbons), DRIFT can be used most classes of contaminants.  Surfaces such as 
the interior of open tubes or stems that are to be pinch welded can be inspected using infrared 
reflection spectroscopy.  It must be demonstrated whether or not this tool can detect graphite-
based contamination, which has been seen in stems.  For tubes with one closed end, the 
technique that should be investigated is emission infrared spectroscopy. 
  4 
 
 
 
 
 
 
 
 
 
 
 
 
 
This page intentionally left blank. 
 
 
 
 
 
 
 5 
Contents 
 
Abstract.................................................................................................................3 
List of Figures .......................................................................................................7 
Solid State Welds..................................................................................................9 
Pinch Welds..........................................................................................................9 
Contamination Observations.................................................................................9 
Identify Cause of Contamination.........................................................................13 
Information from Rocky Flats ..............................................................................13 
Oil Degradation...................................................................................................13 
Attempt to Reproduce .........................................................................................17 
Experiments........................................................................................................21 
Experiments to assess cleanliness of surface ....................................................21 
Remediation of contamination in stems ..............................................................23 
Attempts at detecting contamination after welding..............................................26 
Recommended future directions .........................................................................27 
References .........................................................................................................29 
Appendix A .........................................................................................................31 
Appendix B .........................................................................................................41 
 
  6 
 
 
 
 
 
 
 
 
 
 
 
 
This page intentionally left blank. 
 
    7 
List of Figures 
 
Figure 1.  Examples of pinch welds made using contaminated stems...........10 
Figure 2. Images of interior of sectioned SP981 stem 99452A.....................10 
Figure 3. Auger spectra of section of stem shown in Figure 1 red line 
(bottom) represents an area that is light in the secondary image 
and, in addition to the metal components Fe, Ni, and Cr, the 
typical surface oxide, and the adventitious carbon, shows the 
tell-tale fluoride peak left by the nitric/Nitradd cleaning and 
passivation process. ......................................................................11 
Figure 4. Auger depth profile of two areas of contaminated stem shown in 
Figure 1 and 2. ..............................................................................12 
Figure 5. Image of the tip of a gun drill bit showing the hole through the 
center of the bit through which high pressure oil is pumped to 
cool the bit and work piece and to flush out cutting chips..............13 
Figure 6. FTIR spectra of new (clean) oil compared with one year old 
Rocky Flats oil and with oil captured from the exit from the part 
during the parametric gun drilling study summarized in Figure 
8.. ..................................................................................................14 
Figure 7. Thermogravimetric analysis (TGA) of new gun drill oil compared 
to one year old oil. .........................................................................15 
Figure 8. Size Exclusion Chromatography on new and one year old 
Rocky Flats gun drill oil shows that the average retention time 
shifts 0.3 minutes longer for the older oil and that there is a 
pronounced shoulder on the trailing edge of the aged oil peak. ....16 
Figure 9. An example of one of the attempts to determine the cause of 
contaminated stems with some examples of temperatures of the 
outside of the stem and of the oil...................................................18 
Figure 10. Example of record of deposition of graphite carbon inside quartz 
tubes and onto a quartz witness. ...................................................20 
Figure 11. Quartz tubes with graphite deposited in them during the 
experiments shown in the previous figure were then used for 
tests of cleaning efficiency for various chemical downstream 
etching parameters........................................................................21 
Figure 12.   Tungsten rods used as a witness to chemical downstream 
etching...........................................................................................24 
Figure 13.   Custom chemical downstream etching (CDE) tool built to clean 
carbon-contaminated stems. .........................................................24 
Figure 14.   Interior of stem before (top) and after (bottom) chemical 
downstream etching. .....................................................................25 
 
  8 
 
 
 
 
 
 
 
 
 
 
 
 
This page intentionally left blank. 
 
    9 
Contamination and Solid State Welds 
 
Solid State Welds 
Solid state joints include resistance, friction, and diffusion welds and electroplated joints.  
Both pinch welds and forge welds are resistance heated.  There are advantages and 
disadvantages to resistance solid-state welds. 
Because solid state welding does not change the material composition, there is no 
strength loss and compatibility is generally not compromised.  Further, it is easier to 
control the dimensions and residual stresses of the component.  Generally, solid state 
welds are quicker and easier to develop than fusion welds—and weld development time 
can be a schedule driver.  Finally, solid state joining can be less costly and less operator 
dependent than other joining techniques.  Unfortunately, solid-state welds are not 
repairable and are sensitive to contamination.  It is this latter property that will be 
addressed with respect to pinch welds. 
Pinch Welds 
Pinch welds are performed on gas bottles used for tritium, deuterium, and working fluids.  
They are also used to seal off pits and secondaries.  The latter systems use tubing, which 
is very well characterized and controlled.  Because of this they have little concern with 
contamination and do not need to inspect each part.  On the other hand, gas bottles for 
tritium are often made from forgings, which are gun or peck drilled to produce an integral 
stem.  This produces a very robust system for high pressure hydrogen isotope 
applications, but also introduces the possibility of contamination introduced during the 
drilling process. 
Contamination Observations 
Historically there have been observations of contamination likely introduced during stem 
drilling at Rocky Flats.  After close examination of gun drilled stems and pinch welds 
produced during qualification of new pinch welding stations in the 1990s, it was observed 
that some of the stems had significant amounts of contamination that was incorporated 
into the weld, Figure 1. 
  10 
 
Figure 1. Examples of pinch welds made using contaminated stems.   
Note that although there are extensive indications of contamination 
included at the bond line, there is also grain growth at the bond line 
where there is no contamination, indicating good solid state 
bonding at those areas. 
For examples of classification of quality of pinch welds see Appendix A [1].  Some stems 
were cut open for identification of the contaminants by optical and secondary electron 
(SEM) imaging and by Auger electron spectroscopy, including mapping and depth 
profiling.   
 
Figure 2. Images of interior of sectioned SP981 stem 99452A.  The dark 
patches in the secondary image at left and the light patches in the 
corresponding carbon Auger image at right are thick, adherent 
contamination that is resistant to hot nitric acid/Nitradd cleaning. 
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An example (Figure 2) [2] shows that the darker areas in the SEM image are heavy in 
carbon in the Auger image.  
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Figure 3. Auger spectra of section of stem shown in Figure 1 red line (bottom) 
represents an area that is light in the secondary image and, in 
addition to the metal components Fe, Ni, and Cr, the typical surface 
oxide, and the adventitious carbon, shows the tell-tale fluoride peak 
left by the nitric/Nitradd cleaning and passivation process.  The 
black line (top) represents an area that is black in the secondary 
electron image where the Fe is barely visible, but the Cr and C is 
enriched. 
An examination of the areas that appear light and dark by Auger spectroscopy (Figure 3) 
indicates that the stem has been nitric/Nitradd cleaned, as required, because that process 
leaves behind the tell-tale fluoride signature that indicates that the surface has been 
cleaned and passivated but the dark areas survived the nitric/Nitradd process.  Several 
areas on this surface were depth profiled in the Auger.  Figure 4 shows a typical light or 
“clean” area and a typical dark or contaminated area.  Although the “clean” area might 
have a superficial oxide and surface coat of adventitious carbon, the dark areas have a 
much thicker (on the order of one micron or more) uniform deposit of carbon and oxide.  
This carbon is graphitic rather than a hydrocarbon or carbide.  The oxide is enriched in 
chromium (implying a near-surface region depleted of chromium).  It was concluded that 
a sufficient amount of this contaminant would compromise the quality of the pinch welds 
in these stems. 
  12 
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Figure 4. Auger depth profile of two areas of contaminated stem shown in 
Figure 1 and 2.  Top is typical of the “clean” light areas with a thin 
adventitious C layer over a thin oxide that is slightly depleted in Fe 
(the nitric/Nitradd process strips the Fe selectively) and slightly 
enriched in Cr.  The C and O signals persist because the rough 
surface is not all exposed to the ion beam, which is used to sputter 
away material.  Bottom is typical of the dark areas where, beneath 
the adventitious C layer, is a layer of carbon mixed with chromium 
oxide. 
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Identify Cause of Contamination 
A program to identify the root cause of this contamination was instituted.  A program was 
also started to develop a technique to detect this contamination nondestructively (non-
destructive evaluation, or NDE).  And a program was initiated to develop a process for 
removing the contamination from already contaminated stems.  Each of these goals (root 
cause, NDE, and removal) would benefit from reproducing the contamination during gun 
drilling.  So a series of experiments was performed after interviewing the people most 
familiar with the drilling process at Rocky Flats.  
Information from Rocky Flats 
The Rocky Flats staff explained that the cutting fluid used was chosen so that they could 
use the same equipment to drill not only our steel stems, but also copper.  As such it was 
not the optimum that would have been chosen to gun drill only steel.  They also stated 
that they had observed occasional intermittent loss of coolant flow through the drill bit, 
which is actively cooled through the use of a hole down the center of the drill (Figure 5) 
and that the cutting fluid had not been changed for several years during the time that the 
contaminated stems were fabricated.  They also reported that drilling longer stems was 
more problematic than drilling shorter ones—there was more likelihood of drill breakage, 
for example.  This information confirmed the suspicion that the root cause of the 
contamination was related to the drilling procedure.  They also suggested that a different 
drill bit tip geometry (duboff angle or primary cut angle) might be related to coolant flow 
blockage, and thus heating of the metal in contact with the drill bit. 
Figure 5. Image of the tip of a gun drill bit 
showing the hole through the 
center of the bit through which 
high pressure oil is pumped to 
cool the bit and work piece and to 
flush out cutting chips.  Gun drill 
bits are solid carbide, which is 
stiffer.  Peck drill bits are made 
from carbide tips brazed to steel, 
which makes them tougher but 
more subject to breakage. 
 
Oil Degradation 
Although it was not possible to obtain the original cutting fluid that had been used during 
manufacture of the contaminated stems and was not changed for several years at a time, 
one year old oil was available for comparison with new oil.  A comparison of the Fourier 
transform infrared (FTIR) spectra of old and new samples of oil indicates significant 
changes, including some oxidation, shown in Figure 6, top, along with a spectrum from 
the test stems described below).  The peak at 1725 cm-1 is characteristic of the C=O 
stretch of an aldehyde (RCHO) or a carboxylic acid (RCOOH). 
  14 
 
Figure 6. FTIR spectra of new (clean) oil compared with one year old Rocky 
Flats oil and with oil captured from the exit from the part during the 
parametric gun drilling study summarized in Figure 8.   
Note that oxidation is seen after only short time of use, but the 
changes are much more extensive after one year of use. 
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New and aged cutting oil was also compared using thermogravimetric analysis (TGA) 
(Figure 7).  The old oil begins to volatilize well below 100°C and well below that of the 
new oil.  As the oil vaporizes, its heat capacity decreases by up to two orders of 
magnitude, decreasing the effectiveness of the cooling. 
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Figure 7. Thermogravimetric analysis (TGA) of new gun drill oil compared to 
one year old oil.  The bottom shows a blow-up of the first few 
percent of vaporization.  Note that the onset of vaporization begins 
at very low temperature and continues at up to 50 K lower 
temperature for the old oil compared to the new oil. 
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New and old cutting oil was also compared using size exclusion chromatography (SEC) 
(Figure 8) [3].  As the average molecular weight of a sample decreases, the retention time 
in SEC increases.  The average retention time for new oil increased from 8.48 to 8.81 for 
the sample of old oil, indicating a decrease in average molecular weight. The shoulder on 
the right side of the old oil peak suggests chain breakage. 
 
Figure 8. Size Exclusion Chromatography on new and one year old Rocky 
Flats gun drill oil shows that the average retention time shifts 0.3 
minutes longer for the older oil and that there is a pronounced 
shoulder on the trailing edge of the aged oil peak.  Both of these 
indicate a shift towards lower average molecular weight and chain 
breakage.  Above are typical chromatograms and below is a table of 
retention times for two injections each for three different samples of 
each oil, showing excellent reproducibility. 
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These techniques for evaluating the oil suggest a mechanism for the oil to fail to perform 
and several techniques that could be used to quantify the breakdown of the oil and, 
ultimately, to predict its remaining useful life. 
Attempt to Reproduce  
In an effort to determine if any gun drill or drilling equipment parameters effect the 
deposition of contamination and to produce some contaminated stems for subsequent 
experiments, several series of test drills was performed varying such parameters as the 
feed rate, spindle speed, oil pressure, duboff angle, and primary cutting angle.  Tests were 
done using gun drilling and peck drilling, with the latter varying the peck drill depth.  
Also reported was the drilling depth and the number of drills used.  For one series, these 
tests forgings were also instrumented to measure, in addition to the ambient and oil 
reservoir temperature, the temperature of the oil as it exited the part and the temperature 
of the part at the center and end (shown on the small schematics on the data plots of 
Figure 9).  Three sample records of the temperature variation throughout the experiment 
are shown (Figure 9 A4-19, A3-1, A3-8).  All temperatures are shown in °F.  A3-8 shows 
a typical record, where the oil that exits from the part warms slowly to reach a steady 
state value.  The metal temperature rises as the drill bit tip heats the nearby steel.  It peaks 
and then falls only after the tip has passed.  As the drill bit tip moves on, the heated oil 
keeps the zone that has already been drilled warm as it picks up more heat and exits 
through the entire bored out length. 
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Figure 9. An example of one of the attempts to determine the cause of 
contaminated stems with some examples of temperatures of the 
outside of the stem and of the oil.  See text for detailed discussion.
 19 
A3-1 shows a very similar record until shortly before the drill is about to go through.  At that 
point the temperature of the end shows a pronounced spike.   The same temperature spike is 
recorded by the central thermocouple slightly later and with much less intensity.  About a third 
of the way into the experiment, A4-19 shows a temporary decrease in temperature of the oil 
exiting the part, followed by a small but sharp increase in the central temperature (recall that the 
bit has presumably not reached the center thermocouple yet).  At about the 2/3 point in the 
experiment both the central and end temperature measurements spike associated with a decrease 
in oil temperature.  Finally there are small temperature excursions near the end of the drilling 
that are not reflected in a significant change in oil temperature. 
It is clear that it is possible to have a large effect on the material temperature and that this is 
associated with coolant temperature changes.  This is consistent with a scenario where the 
change in molecular weight of the oil is decreased by thermal excursions and oxidation so that it 
becomes easier to vaporize.  When the oil is vaporized by heat generated when the bit hits a hard 
spot in the drilling or the coolant flow is temporarily blocked, the localized cooling is completely 
disrupted as the vapor has very poor thermal capacity compared to the liquid.  This allows the 
local surface temperature to run away and cause: 
1) cracking of the remaining liquid oil to deposit graphitic carbon on the surface, and 
2) heating the substrate metal to the point where chromium can diffuse to the surface and 
oxidize to form chromium oxide.   
The Fourier transform infrared experiments discussed below indicate the kinds of temperatures 
that must have been reached, albeit for a much shorter time.  N.B., at this temperature carbon can 
also diffuse out of the bulk to the surface. 
Even though the probable cause of the contamination had been identified, these experiments had 
failed reproduce the contamination observed in actual stems.  In order to test any cleaning 
technique that was to be developed to salvage the contaminated bottles, contaminated stems were 
needed that did not require sacrifice of valuable components.  The final tests would, of course, be 
made with real parts.  At that time we had a program to develop substrate materials in support of 
a "pre-competitive" multi-company CRADA.  The Materials Chemistry group was producing 
advanced lithium-ion battery turbo-stratic carbons via the thermal decomposition of polymeric 
starting materials During this process, carbonaceous species were produced which condensed on 
surfaces within the furnace to produce compact continuous coatings or films.  These coatings 
represented condensed phase equilibrium structure representative of a 1100°C deposition 
process. [4]. Small quartz tubes of about the dimension of a fill stem were included in 
experimental runs for this program (Figure 10) [5].  The tubes collected graphite on their interior 
surface that could then be cleaned off by subsequent treatment (Figure 11).  Since they are clear, 
it is easy to determine the extent of cleaning. 
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Figure 10. Example of record of deposition of graphite carbon inside quartz tubes and 
onto a quartz witness.  Diagram of setup of samples and source material in 
furnace is at left.  Temperature record of furnace is shown in inset graph.  
These experiments allowed us to obtain uniform, known graphite deposits 
inside tubes for subsequent cleaning experiments. 
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Figure 11. Quartz tubes with graphite deposited in them during the experiments 
shown in the previous figure were then used for tests of cleaning efficiency 
for various chemical downstream etching parameters. 
Experiments 
Appendix B contains excerpts from a report on the effects of various contaminants on pinch 
welds [6]. 
Jellison reviewed the role of surface contamination in solid state welding [7].  He discusses 
inorganic, organic, and particulate contaminants.  He includes the effect of welding parameters, 
atmosphere, and surface condition as well and contaminants. 
Recent work [8] compares clean and particulate contaminated pinch welds performed in identical 
fashion.  The contamination (known as tritium facility dust or TFD) was chosen to simulate 
material that was found on the internal surfaces of several loading lines.  It was a mixture of 
ammonium hexaflurosilicate, calcium silicate powder (-200 mesh), and Teflon® Zonyl® 
Micronized Powder (4-12μ) that was artificially introduced into the area to be welded at levels 
far in excess of expected contamination.  The material welded was Type 316 and Type 304L 
stainless steel and 21-6-9 (Nitronic 40) alloy fill stems.  All welds were acceptable (Class 1 or 2) 
and the authors found no evidence that the contamination interfered with the weld quality. 
Unfortunately none of these experiments directly addresses the residue of gun drilling. 
Experiments to assess cleanliness of surface 
In order to examine the interior of pinch weld tubes nondestructively, reflection Fourier 
transform infrared (FTIR) spectroscopy was used to evaluate nitric/Nitradd cleaned 304L and 
316 stainless steel tubes that had been oxidized in air at 500°C, 600°C, or 700°C for one hour.  
The tubes were either 0.7 mm ID and 25 mm long or 1.0 mm ID and up to 10 cm long.  This 
technique can detect oxides [9] organics and ionic metal salts.  It was thought that the only 
  22 
contaminant of interest that could not be detected was metallic particles.  Graphite contamination 
was not considered.  The passivation layer left by the nitric Nitradd cleaning process is too thin 
to be detected.  The oxide layers left by the thermal treatments were all easily detected even 
though they produced Class 1 or Class 2 welds or welds with expulsion.  
Another report [10] also included reflection FTIR studies of organics in stems.  It was 
demonstrated that, for a four minute collection time, the detection limit for aliphatic (i.e. straight 
chains with no multiple bonds) hydrocarbon oils is on the order of 5 nm thickness in a 0.7 mm 
diameter, 25 mm long steel tube.  Longer collection times would presumably lower the detection 
limit. 
For surfaces destined to be inertial welded, it is possible to map the surface for a contaminant or 
class of contaminants using tunable infrared laser imaging [11].  The authors studied drawing 
agent, lubricant, silicone, a couple of mold releases, solder flux and hydraulic oil on surfaces 
such as aluminum-7075-T6 of different surface finishes, titanium 6Al-4V, Steel Alloy 4340, 
Stainless Steel 304, and Magnesium AZ31B.  They used the spectral signal at 2915 and 3000 
wavenumbers (cm-1) to obtain a 256 x 256 pixel image of hydrocarbon contaminants on the 
surface.  They employ continuous wave-optical parametric oscillators (cw OPO) using the quasi-
phase matching (QPM) material periodically-poled lithium niobate (PPLN) and an indium 
antimonide (InSb) focal-plane array (FPA) camera.  For typical hydrocarbon species, their 
detection limit appears to be on the order of 10 to 20 nm film thickness.  Unfortunately, for each 
class of contaminant, it is necessary to develop a new procedure, including determining the 
appropriate lines to study, obtaining the proper laser source, and calibrating the spectra.  Since 
contamination is never expected, the type of contamination cannot be anticipated, and each type 
of contaminant could basically require a new instrument to be developed, built, and utilized. 
A related technique for detecting a wider variety of contaminants is diffuse reflection infrared 
(DRIFT) spectroscopy.  It can be used to detect organics, oxides, and salts without first knowing 
what to expect. [12]  As such DRIFT is a promising candidate for detecting contamination of 
accessible surfaces before solid state welding.  Metallic contamination cannot be detected by its 
absorption, but if a characteristic particle size is anticipated, it may be detected by its scattering 
characteristics.  If imaging is used with DRIFT spectra, newer techniques for data analysis such 
as AXSIA (for Automated eXpert Spectral Image Analysis) should be useful.  This tool makes 
use of multivariate statistical analysis.  [13] 
Other traditional techniques to measure cleanliness of a surface include contact angle and 
wetability measurements.  These generally are applied to organic contaminants, but would not 
necessarily be limited to them.  Choice of solvent would be directed by what is expected on the 
surface and the solubility parameter should be considered when picking a solvent.  Of course, 
this is not a non-contact method.   
Another alternative is MESERAN measurement (an acronym for Measurement and Evaluation 
of Surfaces by Evaporative Rate ANalysis), but this is also not a non-contact technique as it 
requires the use of a solvent and a radioactive tracer deposited on the surface of interest.  [14]  
Again, it is helpful to know the nature of the contaminant in order to choose the proper solvent 
for the measurement.   
For fluorescent species luminescence using ultraviolet excitation can be used, but this is a minor 
subclass of organic contaminants.  If the contaminant species is not fluorescent, it can be made 
so by derivativization, but this further contaminates the surface. [15] 
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Electron emission stimulated by UV light is another technique, but it has proven very susceptible 
to such things as aging and texture of surface in addition to contamination. 
Remediation of contamination in stems 
Several techniques were considered for removing the graphite-based contamination found in 
stems parts that were already fabricated.  Mechanical reaming was developed but not 
implemented.  In this process the interior of the bottle is protected by a removable polymer plug 
while the interior diameter of the stem is made slightly larger and then flushed with cleaning 
solution and rinsed.  Although this process worked and it was felt that the larger ID stems could 
be successfully welded, it was not, in the end, implemented due to the relative complexity of the 
process.  Plasma cleaning was also tried but resulted in heating the part because the ions in the 
plasma are attracted outer surfaces, particularly edges, by the field lines.  These lines do not 
penetrate into the stem, and so the ions are not effective in cleaning the interior surfaces and, 
because the part gets hot, oxidation of the base metal is always a concern. 
Chemical downstream etching, (CDE, also called for our application downsteam plasma 
cleaning) is a cleaning technique that can be used to remove carbon without damaging the 
underlying material.  The process starts with a plasma generated in a quartz tube as it would be 
for plasma cleaning.  The ions are then allowed to interact with the walls of the quartz until they 
are neutralized to reactive atomic and molecular species, to which the surfaces to be cleaned are 
exposed.  Tools that use this technique are usually built to process components built on silicon 
wafers and have suitable geometries for wafers.  Because we had collaborated with a bay area 
firm to address a materials problem that they had, they kindly let us use their $1,000,000+ tool 
for some scoping and development tests. 
First tested were 304 stainless steel, carbon in the form of grafoil, silicon, tungsten, and 
polytetrafluroethylene (Teflon®) and polyethylene plugs.  Silicon and tungsten were removed at 
6 times the rate of carbon; stainless steel was unaffected.  A CDE generated from O2 and CF4 
was more effective than O2/N2H2.  CF4 is chemically very inert, although it is a narcotic at high 
concentrations and has an affinity for certain polymers so that proper choice of seals is 
important.  The products of the process are destroyed before reaching the vacuum pump, which 
uses Fomblin® oil.  O-rings in contact with the reactive neutrals need to be made of a resistant 
material such as Calrez® or Chemraz®. 
Because tungsten is as good a witness as silicon and is readily and cheaply available in the form 
of welding rods of the right size to fit into the stems, it was decided that W rods could be used as 
witnesses to determine whether or not active etching had reached far enough into the stem to 
clean the area to be pinch welded.  Contaminated stems were sectioned, characterized, 
reassembled into tubes to simulate an intact stem and CDEed.  In some cases tungsten rods with 
polished ends were inserted part way into tubes to act as witnesses.  It is very easy to detect 
evidence by eye of the etching process, even on unpolished tungsten (Figure 12). 
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Figure 12. Tungsten rods used as a witness to chemical downstream etching.  At left 
rods are shown A, polished, and B, polished and etched.  At right is an 
unpolished rod showing that the right portion, which has been etched is 
easily distinguished from the unetched left hand side. 
If any of the reactive atoms or molecules reside on the surface for long enough, they have a 
chance of encountering  and recombining with another active species.  This is more likely on a 
surface than in the free state because there is a surface to accept their excess energy.  The 
recombination rate on stainless steel is significantly higher than it is on quartz.  Since we only 
need to clean the portion of the stem destined to be pinch welded, a quartz sleeve in the outer 
portion of the stem can minimize the time necessary to clean the area of interest.  Unfortunately 
this sleeve requires that the tungsten witness rod be inserted first and that would impede the 
pumping of the bottle.  On the other hand the propensity of the reactive species to recombine on 
the steel surface means that the penetration of these species into the bottle is limited by the 
length of stem exposed inside of the weld area. 
A tool was constructed specifically to clean stems (Figure 13) operating at 360 millitorr using a 
13.56 MHz radio frequency plasma generator operating at 400 W.  A 2” quartz tube contains, 
transports, and neutralizes the plasma while mass flow controllers meter in the oxygen at 160 and 
CF4 at 60 sccm.  Cleaning the parts takes 8 to 12 hours depending on the configuration and the 
material. 
 
Figure 13. Custom chemical downstream etching (CDE) tool built to clean carbon-
contaminated stems.  Left:  Tool, including control and pumping.  Center:  
fixture to allow three bottles to be cleaned simultaneously.  These bottles 
can be fitted with instrumentation to measure pressures and temperatures 
during development.  Right:  Tool with the power on showing the plasma. 
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Figure 14 shows SEM and carbon Auger maps of the same area before and after cleaning.  
Although the carbon has been removed, it is still possible to see the areas where it had been.  
Partly this is because the texture developed during the etching process with nitric/Nitradd did not 
affect this area and, particularly in the most heavily contaminated stems, there is a ghost of 
chromium oxide left behind that is visible.  To eliminate this residual material, these stems were 
cleaned with Oakite Ruststripper and rinsed, while the interior was protected with an inflatable 
angioplasty balloon.  This process was very successful. 
 
Figure 14. Interior of stem before (top) and after (bottom) chemical downstream 
etching.  At left are secondary electron images (SEM) showing essentially 
the same area. At right are carbon Auger maps of the corresponding areas 
showing complete removal of the thick carbon deposits.  The streak at the 
bottom left of the “after” images appears to be a handling artifact.  The 
texture of the material under the carbon deposits does not appear etched 
because it was protected from the original nitric/Nitradd cleaning process. 
Another technique that was considered for oxide removal was an ozone generator.  [16]  Ozone 
and ultraviolet light treatments can be effective in removing polymers because they cause 
depolymerization of the contaminant.  That is not as effective on graphite.  Carbon removal in a 
Tokamak has proved very difficult to perform.  Even high energy helium/oxygen glow 
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discharges tend to only remove carbon in line-of-sight along the field lines.  They are not 
effective in cracks between tiles and surfaces can be shadowed by microscopic impurities.  The 
small amount of included chromium oxide that does not prevent cleaning by oxygen/carbon 
tetrafluoride CDE would stop glow discharge cleaning even if it penetrated into the stem. 
Attempts at detecting contamination after welding 
Ultrasonics had been attempted before [17] and is being attempted now at Kansas City Plant.  In 
the earlier study samples of JBK 75 and HP 9-4-20 were vapor coated with 10-20 µ of silver and 
welded either at temperatures ranging from 110 to 400°C or in the range of 650-700°C at 
pressures up to 200 MPa (30 ksi).  The former condition produced class 3-4 bonds (basically, 
non-bonding probably due to lack of flatness) and the latter condition produced class 1 welds.  
By doing 5 ultrasonic measurements per sample and using 4 of them as training samples, they 
were able to, in the JBK case 86% of the time and in the HP 9-4-20 case 100% of the time, 
predict the difference between a class 1 and a class 4 bond.  The R-F spectra (Fourier Transform) 
of the reflected waveforms showed that only at the highest frequency, above 15 MHz, is it 
possible to distinguish class 1 and class 4 welds.   
These results is consistent with work done in the mid 1990s by this author in conjunction with 
Merlin Micheal and the staff at SRS.  At that time the Sandia, California ultrasonic inspection 
system was used on some preliminary cold welds, which showed promise.  The equipment was 
then shipped to SRS and set up in the tritium building to look at the parts of interest.  A 90 MHz 
transducer was used to get the best imaging.  One problem with ultrasonics is that to see very 
small features, it is necessary to use a high frequency, but high frequency sound does not 
penetrate well.  Another problem is that to be able to use the system it is often necessary to 
“train” the equipment with a large number of examples which are then classified by destructive 
inspection.  In this case the contaminated welds were still quite good solid state welds and so 
gave little signal.  In addition to that, there were very few welds available and each one had to be 
laboriously decontaminated before ultrasonics could be performed.  Finally, it would have been 
necessary to sacrifice a number of good parts to confirm any observations from the ultrasonics.  
Ultimately there was not enough evidence of the effectiveness of ultrasonics or need to justify 
the sacrifice. 
At the same time as the ultrasonic work was being done, the limited number of welds available 
for study were also inspected using a microfocus x-ray tube and using neutron radiography.  The 
x-radiography did not detect any signal not accounted for by variation in weld thickness.  If there 
had been a sufficient number of protons included with the graphite, the neutron radiography 
would have been able to detect them.  Carbon can contain up to about 30% hydrogen.  The cross-
section for tritium and deuterium is quite small compared with that of protium.  Of course, the 
imaging would have to be soon after production of the weld in tritium because of the very large 
cross-section of helium-3.  This was not possible for units that had been filled some time ago.  
Therefore the neutron radiography did not yield useful results. 
With the number of welds available it was not possible to determine a technique to asses their 
contamination nondestructively as a supplement to the physical and x-ray measurements already 
made.  
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Recommended future directions 
For typical contaminants such as organics, oxides, and salts, we should restore our capability to 
perform reflection Fourier transform infrared (FTIR) spectroscopy on tubes and determine if it 
can be extended to inspect tubes open at only one end.  This latter could be done using the 
natural emission from the surface that is heated to about 100°C (although a higher temperature 
would be better if permitted).  This can be done in an inert atmosphere to minimize oxidation.  
We should determine if this tool can evaluate tubes stems contaminated with graphite and, if 
samples become available, the graphite/chromium oxide compound seen in the past.  
For surfaces that will be subjected to inertia welding, the most promising specific tool is diffuse 
reflectance infrared  (DRIFT) spectroscopy.  It should be able to detect organic, oxide, and salt 
contamination.  Its advantage over the OPO imaging method is that one spectrum can be 
expected to detect any of the above-mentioned contaminants, whereas OPO would have to image 
specific wavelengths for each type of contaminant.  It could be that multivariate statistical 
analysis of the spectra would be needed, particularly if this were to become a routine post-
cleaning pre-weld acceptance tool. 
Although it is not recommended, if this type of oil is used again in this application it is possible 
to monitor its degradation by several methods.  Discussed above are Fourier transform infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA), and size exclusion chromatography 
(SEC).  Although all of these detect changes in the oil, the most specific tool would be FTIR as it 
distinguishes specific chemical changes.  TGA is probably the easiest to interpret quantitatively 
and it measures an important property since one of the functions of the oil is to cool the part and 
for that it must remain liquid during use.  If one were to characterize the oil in the future, liquid 
chromatography (LC) and gas chromatography (GC) coupled with mass spectroscopy (MS) 
could be useful.  If formation of acid species are suspected (for example carboxylic acids), ion 
chromatography would be of interest.  More specific signatures of oil breakdown can be isolated 
from this data, giving us a better picture of the mechanism for the loss of function seen in the 
TGA.  Presumably these products could not be correlated with deposits of carbon/chromium 
oxide inside the tubes because the oil would be changed before its properties deteriorated to the 
point of producing the hot spots that would be associated with the deposits. 
Despite efforts to avoid contamination, weld process data should be continue to be recorded and 
it should be archived so that any anomalies observed in future surveillance can be tied to a 
particular observable phenomenon if possible.  Not all contamination shows up in this data, but 
some does. 
Finally, with the purchase of a new nanofocus x-ray tube, our ability to image small parts such as 
pinch welds has improved by approximately an order of magnitude since the original work.  If 
the problem of representative contaminated welds for study can be surmounted, imaging the 
interface should again be attempted. 
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